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Here we report on the production and tomography of genuinely entangled Greenberger-Horne-
Zeilinger states with up to 10 qubits connecting to a bus resonator in a superconducting circuit,
where the resonator-mediated qubit-qubit interactions are used to controllably entangle multiple
qubits and to operate on different pairs of qubits in parallel. The resulting 10-qubit density matrix
is probed by quantum state tomography, with a fidelity of 0.668 ± 0.025. Our results demonstrate
the largest entanglement created so far in solid-state architectures, and pave the way to large-scale
quantum computation.
Entanglement is one of the most counter-intuitive fea-
tures of quantum mechanics. The creation of increas-
ingly large number of maximally entangled quantum
bits (qubits) is central for measurement-based quantum
computation [1], quantum error correction [2, 3], quan-
tum simulation [4], and foundational studies of nonlo-
cality [5, 6] and quantum-to-classical transition [7]. A
significant experimental challenge for engineering multi-
qubit entanglement [8–10] has been noise control [11, 12].
With solid-state platforms, the largest number of entan-
gled qubits reported so far is five [10], and further scaling
up would be difficult as constrained by the qubit coher-
ence and the employed sequential-gate method.
Superconducting circuits are a promising solid-state
platform for quantum state manipulation and quan-
tum computing owing to the microfabrication technol-
ogy scalability, individual qubit addressability, and ever-
increasing qubit coherence time [13]. The past decade
has witnessed significant progresses in quantum informa-
tion processing and entanglement engineering with super-
conducting qubits: preparation of three- and four-qubit
entangled states [14–17], demonstration of elementary
quantum algorithms [18, 19], realization of three-qubit
Toffoli gates and quantum error correction [20–24]. In
particular, a recent experiment has achieved a two-qubit
controlled-phase gate with a fidelity above 99 percent
with a superconducting quantum processor [10], where
five transmon qubits with nearest-neighbor coupling are
arranged in a linear array. Based on this gate, a 5-qubit
Greenberger-Horne-Zeilinger (GHZ) state was produced
step by step; the number of entangled qubits is increased
by one at a time. With a similar architecture consisting
of 9 qubits, digitized Trotter steps were used to emulate
the adiabatic change of the system Hamiltonian that en-
codes a computational problem [25], where the digital
evolution into a GHZ state with a fidelity of 0.55 was
demonstrated for a 4-qubit system.
In this letter we demonstrate a versatile supercon-
ducting quantum processor featuring high connectivity
with programmable qubit-qubit couplings mediated by a
bus resonator, and experimentally produce GHZ states
with up to 10 qubits using this quantum processor. The
resonator-induced qubit-qubit couplings result in a phase
shift that is quadratically proportional to the total qubit
excitation number, evolving the participating qubits from
an initially product state to the GHZ state after a single
collective interaction, irrespective of the number of the
entangled qubits [26]. We characterize the multipartite
entanglement by quantum state tomography achieved by
synchronized local manipulations and detections of the
entangled qubits, and measure a fidelity of 0.668± 0.025
for the 10-qubit GHZ state, which confirms the genuine
tenpartite entanglement [27] with 6.7 standard deviations
(σ). We also implement parallel entangling operations
mediated by the resonator, simultaneously generating
three Einstein-Podolsky-Rosen (EPR) pairs; this feature
was previously suggested in the context of ion traps [28]
and quantum dots coupled to an optical cavity [29], but
experimental demonstrations are still lacking.
The superconducting quantum processor is illustrated
in Fig. 1(a), which is constructed as 10 transmon qubits
(Qj for j = 1 to 10), with resonant frequencies ωj/2pi
tunable from 5 to 6 GHz, symmetrically coupled to a cen-
tral resonator (B), whose resonant frequency is fixed at
2FIG. 1. (a) False-color circuit image showing 10 supercon-
ducting qubits (star shapes) interconnected by a central bus
resonator B (grey). Each qubit has its own microwave line
(red) for XY control and flux bias line (blue) for Z control,
except for Q2 and Q6, which share the microwave lines of
neighboring qubits. Each qubit has its own readout resonator,
which couples to the circumferential transmission line (or-
ange) for simultaneous readout. (b) Parallel intra-pair SE in-
teractions for Q3-Q8 (top), Q5-Q6 (middle), and Q2-Q9 (bot-
tom) at the corresponding detunings as indicated. The anti-
correlated, time-modulated occupation probabilities P10 (red
dots) and P01 (blue dots) of each pair indicate that energy is
exchanged within the pair [6], undisturbed by what happen
in the other two pairs: 6 qubits in three pairs are measured
simultaneously and we ignore outcomes of the other qubits for
the two-qubit data shown in each panel. All directly measured
qubit occupation probabilities are corrected for elimination
of the measurement errors [43]. Lines (green) are numerical
simulations. The small high-frequency oscillations in the sim-
ulation curve (green) for Q3-Q8 are due to the relatively small
qubit-resonator detuning. These small oscillations can be re-
duced by using a larger detuning, but at the price of a smaller
intra-pair SE interaction strength.
ωB/2pi ≈ 5.795 GHz. Measured qubit-resonator (Qj-B)
coupling strengths gj/2pi range from 14 to 20 MHz (see
Supplemental Material [30] for details on device, opera-
tion, and readout) [42]. The central resonator serves as
a multipurpose actuator, enabling controlled long-range
logic operations, scalable multiqubit entanglement, and
quantum state transfer. In the rotating-wave approxi-
mation and ignoring the crosstalks between qubits (see
Supplemental Material [30]), the Hamiltonian of the sys-
tem is given by
H/~ = ωBa
+a+
10∑
j=1
[
ωj |1j〉〈1j |+ gj(σ+j a+ σ−j a+)
]
,
(1)
where σ+j (σ
−
j ) is the raising (lowering) operator of Qj
and a+ (a) is the creation (annihilation) operator of B.
The qubit-qubit coupling can be realized through the
superexchange (SE) interaction [44] mediated by the bus
resonator B [45–48]. With multiplexing we can further
arrange multiple qubit pairs at different frequencies to
turn on the intra-pair SE interactions simultaneously. To
illustrate this feature, we consider three qubit pairs, Qk-
Qk′ , Ql-Ql′ , and Qm-Qm′ , detuned from resonator B by
∆j (≡ ωj − ωB, and ωj = ωj′) for j = k, l, and m,
respectively, while all other qubits are far detuned and
can be neglected for now. In the dispersive regime and
when the resonator B is initially in the ground state, it
will remain so throughout the procedure and the effective
Hamiltonian for the qubit pairs is
H1/~ =
∑
j∈{k,l,m}
λj
(
σ−j σ
+
j′ + σ
+
j σ
−
j′
)
+
∑
j∈{k,l,m}
[
g2j
∆j
|1j〉 〈1j |+
g2j′
∆j
|1j′〉 〈1j′ |
]
, (2)
where λj =
gjgj′
∆j
, |∆j | ≫ gj , g′j, and |∆j1 − ∆j2 | ≫
λj1 , λ
′
j1 , λj2 , λ
′
j2 for j1, j2 ∈ {k, l,m} and j1 6= j2. With
this setting, the resonator B is simultaneously used for
three intra-pair SE processes; the inter-pair couplings are
effectively switched off due to large detunings between
different pairs.
With the fast Z control on each qubit, coupling be-
tween any two qubits can be dynamically turned on and
off by matching (intra-pair) and detuning (inter-pair), re-
spectively, their frequencies, i.e., we can reconfigure the
coupling structure in-situ without modifying the physi-
cal wiring of the circuit. For example, by arranging ∆k,
∆l, and ∆m in Eq. (2) at three distinct frequencies, we
create three qubit pairs (Q2-Q9, Q3-Q8, and Q5-Q6) fea-
turing programmable intra-pair SE interactions with neg-
ligible inter-pair crosstalks, enabling parallel couplings as
demonstrated in Fig. 1(b). According to the probability
evolutions shown in Fig. 1(b), a characteristic gate time,
t√iSWAP, for each qubit pair can be be identified.
Operating multiple pairs in parallel naturally produces
multiple EPR pairs [45, 46]. As the pulse sequence shows
in Fig. 2(a), three EPR pairs are produced after the com-
pletion of all three SE-
√
iSWAP gates [48], with the 6-
qubit quantum state tomography measuring an overall
state fidelity of 0.904± 0.018. The inferred density ma-
trix ρ is validated by satisfying the physical constraints
of Hermitian, unit trace, and positive semi-definite. We
further perform partial trace on ρ to obtain three 2-qubit
3FIG. 2. (a) Pulse sequence with detunings listed in Fig. 1(b).
Tomography is performed to reconstruct the 6-qubit density
matrix, over which we perform partial trace to obtain the
reduced density matrix of each EPR pair. Each pi-rotation
(tomographic pi/2-rotation) pulse has a length of 60 (30) ns
and a full width half maximum of 30 (15) ns, designed fol-
lowing the derivative reduction by adiabatic gate (DRAG)
control theory [50]. (b) Real parts of the reconstructed 2-
qubit density matrices for the three EPR pairs of Q2-Q9, Q3-
Q8, and Q5-Q6, with fidelities (concurrences) of 0.932 ± 0.13
(0.869±0.026), 0.957±0.010 (0.915±0.019), and 0.951±0.010
(0.909 ± 0.019), respectively. For clarity of display, single-
qubit z-axis rotations are numerically applied to Q2 (93
◦),
Q3 (165
◦), and Q5 (42
◦) to cancel the arguments of the ma-
jor off-diagonal elements.
reduced density matrices, each corresponding to a EPR
pair with a fidelity above 0.93 (Fig. 2(b)).
Remarkably, our architecture allows high-efficiency
generation of multiqubit GHZ states. In contrast to
the previous approach where GHZ states are generated
by a series of controlled-NOT (CNOT) gates [10], here
all the qubits connected to the bus resonator can be
entangled with a single collective qubit-resonator inter-
action. In the theoretical proposal [26, 49], N qubits
are assumed to be equally coupled to the resonator and
are detuned from the resonator by the same amount ∆
that is much larger than the qubit-resonator coupling.
When all qubits are initialized in the same equal super-
positions of 0〉 and |1〉, e.g., (|0〉 − i |1〉) /√2, the SE in-
teraction does not induce any energy exchange between
qubits; instead, it produces a dynamic phase that nonlin-
early depends upon the collective qubit excitation num-
ber k as k(N + 1 − k)θ, where θ is determined by the
effective qubit-qubit coupling strength and the interac-
tion time. With the choice θ = pi/2, this gives rise to
the GHZ state (|+1,+2, ...,+N〉+ i|−1,−2, ...,−N 〉) /
√
2,
where |±j〉 =
(|0j〉 ± iN |1j〉) /√2 [26].
Here we apply this proposal to our experiment. We
find that, though the qubit-resonator couplings are not
uniform and unwanted crosstalk couplings exist in our
circuit, we can optimize each qubit’s detuning and the
overall interaction time to achieve GHZ states with
high fidelities as guided by numerical simulation. The
pulse sequence is shown in Fig. 3(a). We start with
initializing the chosen N qubits in (|0〉 − i |1〉) /√2 by
applying pi/2 pulses at their respective idle frequen-
cies, following which we bias them to nearby ∆/2pi ≈
−140 MHz for an optimized duration of approximately
twice t√iSWAP. The phase of each qubit’s XY drive is
calibrated according to the rotating frame with respect
to ∆, ensuring that all N qubits are in the same ini-
tial state just before their SE interactions are switched
on [16, 30]. After the optimized interaction time, these
qubits approximately evolve to the GHZ state |Ψ1〉 =(|+1,+2, ...,+N 〉+ eiϕ|−1,−2, ...,−N 〉) /√2, where ϕ
may not be equal to pi/2 as in the ideal case with uniform
qubit-qubit interactions; however, this phase variation
does not affect entanglement. Later on we bias these N
qubits back to their idle frequencies; during the process a
dynamical phase φj is accumulated between |0〉 and |1〉 of
Qj. Re-defining |±j〉 =
(|0j〉 ± iNeiφj |1j〉) /√2 ensures
that the above-mentioned formulation of |Ψ1〉 remains
invariant, which is equivalent to a z-axis rotation of the
x-y-z reference frame, i.e., x → x′ and y → y′. Track-
ing the new axes is important for characterization of the
produced GHZ states.
Tomography of the produced states requires individu-
ally measuring the qubits in bases formed by the eigen-
vectors of the Pauli operators X , Y , and Z, respectively.
Measurement in the Z basis can be directly performed.
For each state preparation and measurement event, we
record the 0 or 1 outcomes of each qubit and do so for
N qubits simultaneously; repeating the state preparation
and measurement event thousands of times we count 2N
probabilities of {P00...0, P00...1, ...., P11...1}. Measure-
ment in the X (Y ) basis is achieved by inserting a Pauli
Y (X) rotation on each qubit before readout. All directly
measured qubit occupation probabilities are corrected for
elimination of the measurement errors [43]. The 3N to-
mographic operations and the 2N probabilities for each
operation allow us to reconstruct all elements of the den-
sity matrix ρ (see Supplemental Material [30] for various
aspects of our tomography technique including measure-
ment stability, reliability with reduced sampling size, and
pre-processing for minimizing the computational cost).
The resulting 10-qubit GHZ density matrix is partially
illustrated in Fig. 3(b), with a fidelity of 0.668 ± 0.025,
and the N -qubit GHZ fidelity as function of N is plotted
in Fig. 3(b) inset. The achieved fidelities are well above
the threshold for genuine multipartite entanglement [27].
The full tomography technique, though general and
accurate, is costly when N is large. The produced GHZ
states can also be characterized by a shortcut, since the
ideal GHZ density matrix consists of only four non-zero
elements in a suitably chosen basis. To do so, we apply to
each qubit a pi/2 rotation around its y′ or x′ axis, trans-
forming |Ψ1〉 to |Ψ2〉 =
(|00...0〉+ eiϕ|11...1〉) /√2 (here
and below we omit the subscripts of the qubit index for
4FIG. 3. (a) Pulse sequence for the 10-qubit GHZ state with ∆/2pi ≈ −140 MHz. (b) Partial elements of the mea-
sured 10-qubit density matrix, with a fidelity of tr (ρidealρexp) = 0.668 ± 0.025 relative to the ideal GHZ state |Ψ1〉 =(|+1,+2, ...,+N〉+ eiϕ|−1,−2, ...,−N〉
)
/
√
2. For clarity of display, here a single-qubit rotation around the x′ axis by an
angle of ϕ is numerically applied to one of the qubit, which cancels the arguments of the dominant off-diagonal elements.
Center inset: Cartoon illustration showing 10 entangled qubits. Top-left inset: Experimentally measured GHZ fidelity (blue
dots) and the data adapted from Ref. [10] (red dots) as functions of the qubit number N . Error bars are 1σ. Blue and red
dashed lines are guides of different error trends. (c) Parity oscillations observed for the N-qubit GHZ states |Ψ2〉 defined as
superpositions of the basis states |01, 02, ..., 0N 〉 and |11, 12, ..., 1N 〉 with N = 3 to 10. The fringe amplitudes are 0.964± 0.016,
0.956 ± 0.018, 0.935 ± 0.020, 0.926 ± 0.026, 0.796 ± 0.023, 0.782 ± 0.025, 0.729 ± 0.028 and 0.660 ± 0.032 from top to bottom.
For N = 10, the state preparation and measurement sequence is repeated 81,000 times for a sample size large enough to count
the 2N probabilities.
clarity). The diagonal elements ρ00...0 and ρ11...1 can be
directly measured; the off-diagonal elements ρ00...0, 11...1
and ρ11...1, 00...0 can be obtained by measuring the sys-
tem parity, defined as the expectation value of the oper-
ator P (γ) = ⊗Nj=1(cos γY ′j + sin γX ′j), which is given by
〈P (γ)〉 = 2 |ρ00...0, 11...1| cos(Nγ + ϕ) for |Ψ2〉 [9]. Polar-
ization along the axis defined by cos γY ′+sin γX ′ can be
measured after applying to each qubit a rotation by an
angle γ around the z′ axis [16]. The oscillation patterns
of the measured parity as functions of γ confirm the exis-
tence of coherence between the states |00...0〉 and |11...1〉
(Fig. 3(c)). The fidelity of the N -qubit GHZ state |Ψ2〉
can be estimated using the four non-zero elements, which
is 0.660± 0.020 for N = 10. This value agrees with that
of the GHZ state |Ψ1〉 obtained by full state tomography.
A key advantage of the present protocol for generat-
ing GHZ states is its high scalability as demonstrated in
Fig. 3(b). If limited by decoherence, the achieved fidelity
based on the sequential-CNOT approach, FN,C, scales
approximately as FN,C ∝ FN
2/2
2,C at large N (see the red
dashed line in Fig. 3(b) inset), while that based on our
protocol scales as FN ∝ FN2 (blue dashed line). Here
F2,C (F2) is quoted as the decoherence-limited fidelity of
the CNOT gate (present protocol) involving two qubits.
The falling of the experimental data (blue dots) below
the scaling line when N ≥ 6 is due to the inhomogeneity
of gj and the crosstalk couplings. One can see that, even
with the two-qubit gate fidelity above 0.99 as demon-
strated in two recent experiments [10, 51], the coherence
performance of the devices does not allow generation of
510-qubit GHZ state with fidelity above the genuine entan-
glement threshold using the sequential-CNOT approach.
In summary, our experiment demonstrates the vi-
ability of the multiqubit-resonator-bus architecture
with essential functions including high-efficiency en-
tanglement generation and parallel logic operations.
We deterministically generate the 10-qubit GHZ state,
the largest multiqubit entanglement ever created in
solid-state systems, which is verified by quantum state
tomography for the first time as well. In addition, our
approach allows instant in situ rewiring of the qubits,
featuring all-to-all connectivity that is critical in a recent
proposal [52]. These unique features show the great
potential of the demonstrated approach for scalable
quantum information processing.
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6Supplementary Material for
“10-qubit entanglement and parallel logic
operations with a superconducting circuit”
1. GENERAL INFORMATION OF THE
EXPERIMENTAL SETUP
Figure S1 provides an overview of the experimental
setup, with individual components being addressed below
in detail. In this section we also discuss some characteris-
tics of the microwave and Z bias crosstalks of our device,
and introduce the numerical simulation which takes into
account the device characteristics.
1.1. Device
Our sample is a superconducting circuit consisting of
10 Xmon qubits interconnected by a bus resonator, fabri-
cated with two steps of aluminum deposition as described
elsewhere [31]. There is no crossover layer to connect
segments of grounding planes on the circuit chip. In-
stead, aluminum bonding wires are manually applied as
many as possible to reduce the impact of parasitic slot-
line modes. The bus resonator B is a half-wavelength
coplanar waveguide resonator with a resonant frequency
fixed at ωB/2pi ≈ 5.795 GHz, which is measured with
all coupling qubits staying in |0〉 at their respective idle
frequencies (see below). The resonator has 10 side arms,
each is capacitively coupled to an Xmon qubit with the
coupling strength gj listed in Tab. S1. The Xmon qubit
is a variant of the transmon qubit, each with an individ-
ual flux line for dynamically tuning its frequency and a
microwave drive (Q2, Q4, and Q6 share other qubits’ mi-
crowave lines in this experiment) for controllably exciting
its |0〉 ↔ |1〉 transition. The Xmon qubit reaches its max-
imum resonant frequency ω0j at the sweetpoint, where it is
insensitive to flux noise and exhibits the longest phase co-
herence time. ω0j for j = 1 to 10 in our device are around
or slightly above ωB, whose values are roughly estimated
through the flux-biased spectroscopy measurement. In
this experiment all qubits are initialized to the ground
state |0〉 at their respective idle frequencies ωj/2pi that
spread in the range from 4.96 to 5.66 GHz, correspond-
ing to 840 to 140 MHz below ωB/2pi (Tab. S1), where
single-qubit rotations and the qubit-state measurement
are performed. For initialization we simply idle all qubits
for more than 200 µs [32–35, S1]; For the entangling op-
eration we dynamically bias all target qubits from their
idle frequencies ωj to the interaction frequency ωI for a
specified interaction period, following which we bias all
these qubits back to their ωj for measurement. Qubit co-
herence performance at ωI can be found in Tab. S1 and
in Fig. S2.
1.2. XY control
Our instrument has 7 (expendable to more) indepen-
dent XY signal channels controlled by digital analog
converters (DACs): 3 channels are selected to output
two tones per channel and the rest 4 channels are pro-
grammed to output a single tone per channel, for a to-
tal of XY controls with 10 tones targeting 10 qubits.
The 10 tones are generated with 10 sidebands mixed
with a continuous microwave whose carry frequency is
ωc/2pi = 5.324 GHz. Microwave leakage is minimized
with this standard mixing method as calibrated by the
room temperature electronics.
In our setup, Q1 and Q2 share Q1’s on-chip XY line
connecting to the 1st two-tone XY channel, Q3 and Q4
share Q3’s on-chip XY line connecting to the 2nd two-
tone XY channel, and Q6 and Q7 share Q7’s on-chip XY
line connecting to the 3rd two-tone XY channel. For
the two-tone XY signals that are supposed to simulta-
neously act on the two qubits, we sequentially place two
rotation pulses, each with a single tone targeting one of
the two qubits. Each pi-rotation (pi/2-rotation) pulse has
a length of 60 (30) ns and a full width half maximum of
30 (15) ns, designed following the derivative reduction by
adiabatic gate (DRAG) control theory [50]. We perform
randomized benchmark (RB) on the two qubits simul-
taneously, and verify that overlapping in time the two
rotation pulses through the two-tone XY channel is not
a problem except for Q6 and Q7, which might be due to
the large sideband used for Q7.
The idle frequencies ωj of the 10 qubits are detuned
from each other to minimize the microwave crosstalk dur-
ing single-qubit rotations. For two qubits sharing the
same XY line, the cross-resonance interaction reported
elsewhere [36] is not a major factor due to the large de-
tuning. For each qubit, we optimize the quadrature cor-
rection term with DRAG coefficient α to minimize leak-
age to higher levels [37], yielding the X/2 (pi/2 rotation
around the x axis) gate fidelities no less than 0.998 for all
10 qubits as verified by RB on each qubit (Tab. S1 and in
Fig. S2). We also select eight qubits and simultaneously
perform RBs on them (see pulse sequences in Fig. S3(a)),
finding that the X/2 gate fidelities remain reasonably
high, no less than 0.993 (Q7 is not selected due to the
above-mentioned large sideband issue; Q8’s DAC control
has a smaller memory, with a maximum sequence length
only half of the others’). We also perform RB simulta-
neously with shorter pulse sequences (smaller m-Number
of gates) on Q8 and Q9, two neighboring qubits with the
idle frequencies being very close, and find that the X/2
gate fidelities remain no less than 0.997.
We note that further optimization of the single-qubit
gates are possible by shortening the gate time and in-
troducing a slight detuning to the XY pulse to minimize
the phase error [37]. We carry out the optimization pro-
7FIG. S1. Overview of the experimental setup. Diagram detailing all the control electronics, wiring, and filtering for the
experimental setup. On the top from left to right, we show electronics for the Josephson parametric amplifier (JPA) control,
qubit readout, qubit Z control, and qubit XY control, respectively. The DAC in the readout box and the nearby microwave
source output a ten-tone microwave pulse targeting all qubits’ readout resonators. The readout signal is amplified sequentially
by the JPA, high electron mobility transistor (HEMT), and room temperature amplifiers before being demodulated by the
analog digital converter (ADC). In the qubit Z control box, each DC source outputs a static frequency offset and each DAC
offers the dynamic frequency tuning of a qubit. DACs in the qubit XY control box and the nearby microwave source together
output microwaves for the XY control of qubits. All control lines go through various stages of attenuation and filtering to
prevent unwanted noises from disturbing the operation of the device.
cedure on Q5 and obtain fidelities of the typical single-
qubit gates, X , Y , ±X/2, and ±Y/2, all above 0.999
(Fig. S3(b)).
We note that although single-qubit gates are optimized
at the qubits’ idle frequencies ωj , the gate performance
may slightly degrade after a big square pulse used to
tune the qubit frequency due to the finite rise-up time
on the order of a few to a few tens of nanoseconds for
an ideally sharp step-edge. In our experiment, after bi-
asing the qubits from the interaction frequency ωI back
to their idle frequencies ωj , we wait for another 10 ns
before applying single-qubit gates. We also use the GHZ
tomography data to benchmark the gate fidelities of our
pi/2 rotations. For N = 7, the density matrix of |Ψ1〉
with four major elements in the |±〉 basis has a fidelity
of 0.796 ± 0.021. After applying a pi/2 rotation to each
qubit we transform |Ψ1〉 to |Ψ2〉 in the |0〉 and |1〉 basis,
whose density matrix is measured to exhibit a fidelity of
0.771±0.022 (each 7-qubit full tomography is done within
40 minutes). Therefore we estimate that our pi/2 rota-
tion after the big square pulse for entanglement has an
average fidelity around (0.771/0.796)1/7 > 0.995, while
a more detailed numerical simulation suggests that the
average pi/2 gate fidelity is > 0.993.
1.3. Z control
Our instrument has 10 (expendable to more) indepen-
dent Z signal channels controlled by DACs, which give us
the full capability of simultaneously tuning all 10 qubits’
resonant frequencies. To correct for the finite rise-up time
of an ideally sharp edge of a square pulse, we generate a
step-edge output from the DAC and capture the wave-
form with a high-speed sampling oscilloscope. The mea-
sured response of the step-edge gives two time constants
describing the response of the room-temperature wirings,
based on which we use de-convolution to correct for de-
8TABLE S1. Qubit characteristics. ω0j is the maximum resonant frequency of Qj , i.e., the resonant frequency at the qubit’s
sweetpoint where dephasing is minimum. ωI is the interaction frequency for qubits to entangle, which is about 2pi × 140 MHz
below the resonator frequency ωB. Qubit coherence parameters including the lifetime T1,j , the Ramsey Gaussian dephasing
time T ∗2,j , and the spin echo Gaussian dephasing time T
SE
2,j of Qj are measured at ωI where other qubits are far detuned. ωj is the
idle frequency of Qj , where the X/2 gate for state preparation and the tomographic pulses for qubit measurement are applied.
gj is the coupling strength between Qj and the resonator B, defined in the interaction Hamiltonian ~gj(σ
+
j + σ
−
j )(a
† + a),
where σ+j (σ
−
j ) is the raising (lowering) operator of Qj and a
† and a are field operators of resonator B. Fidelity of the X/2
gate on Qj is characterized by RB at its idle frequency ωj ; we also simultaneously run RBs on 8 qubits to characterize the
X/2 gate fidelities for these 8 qubits. Each qubit is measured through its own readout resonator that connects to a common
circumferential transmission line, and ωrj is the resonant frequency of Qj ’s readout resonator Rj , with the Qj-Rj coupling
strength noted as grj . δω
m
j is the AC stark shift of Qj during its measurement, i.e., the qubit frequency shifts downwards
from ωj as its readout resonator Rj becomes populated. The readout pulse is 1 µs-long, and carries 10 tones targeting the 10
readout resonators. nrj (= |δωmj /2χj |, where χj is the dispersive frequency shift of the readout resonator when qubit changes
state from |0〉 to |1〉) is the maximum average photon number in Qj ’s readout resonator Rj as excited by the readout pulse for
qubit measurement, which decays at the end of the readout pulse with a leakage rate of κrj for Rj returning to the vacuum state
and being ready for the next cycle. F0,j (F1,j) is the probability of correctly reading out Qj in |0〉 (|1〉) when it is prepared
in |0〉 (|1〉), which are used to correct the measured qubit probabilities [43]. Q3’s readout fidelities apply to the entangling
experiments with N ≤ 9. We use two concatenated X/2 gates to prepare the qubit in |1〉. Values in parenthesis, if available,
are one standard deviation.
Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10
ω0j /2pi (GHz) 5.782 5.831 5.828 5.780 5.760 5.863 5.780 6.004 5.893 5.930
ωI/2pi (GHz) ≈ 5.655
T1,j (µs) 27.2 24.4 10.9 15.0 19.2 23.7 13.8 11.8 17.1 22.0
T ∗2,j (µs) 2.9 2.8 2.8 2.2 2.6 1.8 1.1 2.1 1.7 4.4
T SE2,j (µs) 11.8 10.6 10.0 10.8 11.7 8.9 8.0 8.0 7.9 11.8
ωj/2pi (GHz) 5.080 5.467 5.657 5.042 5.179 5.605 4.960 5.260 5.146 5.560
gj/2pi (MHz) 14.2 20.5 19.9 20.2 15.2 19.9 19.6 18.9 19.8 16.3
X/2 fidelity 0.9985(2) 0.9992(1) 0.9984(1) 0.9987(2) 0.9991(1) 0.9964(5) 0.9987(1) 0.9980(3) 0.9988(3) 0.9989(1)
Simultaneous
X/2 fidelity 0.9978(7) 0.9980(2) 0.9953(5) 0.9955(5) 0.9985(2) 0.9962(3) – – 0.9979(2) 0.9931(12)
ωrj /2pi (GHz) 6.509 6.541 6.615 6.614 6.635 6.694 6.691 6.794 6.809 6.891
grj /2pi (MHz) 41.3 39.9 40.6 38.2 38.5 40.4 41.8 40.9 40.2 38.7
δωmj /2pi (MHz) 31.1 32.7 21.1 46.5 9.0 45.1 22.5 19.5 26.0 70.2
nrj 92 59 31 180 30 81 93 74 103 203
1/κrj (ns) 291 275 272 348 223 284 248 266 299 242
F0,j 0.921 0.955 0.982 0.974 0.962 0.988 0.950 0.970 0.961 0.971
F1,j 0.867 0.915 0.904 0.928 0.927 0.917 0.922 0.880 0.894 0.934
9sired step-edge pulses. Imperfection due to the cryogenic
wirings are partially compensated using the qubit’s tran-
sition frequency response influenced by a step-edge Z bias
as a caliber [38].
The effective Z bias of a qubit due to a unitary bias
applied to other qubits’ Z lines is calibrated, which yields
the Z-crosstalk matrix M˜Z as

1 −0.023 −0.001 0.008 0.028 0.020 0.009 0.011 0.003 −0.008
−0.018 1 0.050 0.024 0.008 0.003 0.000 −0.002 0.005 −0.016
−0.021 −0.081 1 0.054 0.022 0.012 0.003 0.001 −0.004 −0.017
0.017 0.055 0.080 1 −0.024 −0.012 −0.003 0 0.003 0.013
0.016 0.019 0.009 −0.003 1 −0.015 −0.002 0.005 0.009 0.014
0.001 −0.002 −0.004 −0.005 −0.025 1 0.009 0.022 0.013 0.004
0.001 0 −0.003 −0.006 −0.028 −0.046 1 0.078 0.035 0.008
−0.004 0 0.001 0.003 0.013 0.020 0.025 1 −0.029 −0.006
−0.012 −0.006 −0.002 0 0.008 0.015 0.016 0.065 1 −0.014
0.002 0.011 0.015 0.015 0.029 0.023 0.010 0.008 −0.011 1

 .
(S1)
With the Z biases applied to the 10 qubits written in a
column format as Z˜applied and the actual Z biases sensed
by these 10 qubits written as Z˜actual, we have the map-
ping relation of Z˜actual = M˜Z · Z˜applied. The Z crosstalks
reach maximum at about 8% between two neighboring
qubits. We note that the Z crosstalks may not contribute
to the GHZ state errors as we iteratively fine-tune the Z
bias of each qubit within a small range for optimal GHZ
entanglement.
1.4. Qubit readout
Besides the above-mentioned 7 XY signal channels for
the qubit control, our instrument has an XY signal chan-
nel that can output a readout pulse with multiple tones
achieved by sideband mixing; this readout pulse is cap-
tured by a room-temperature ADC, which simultane-
ously demodulates the multiple (up to 20) tones and
returns a pair of I and Q values for each tone. An
impedance-transformed JPA operating at 20 mK is used
before the ADC to enhance the signal-to-noise ratio. The
signal-line impedance of the JPA continuously varies, in
a manner of the Klopfenstein taper, so that the environ-
mental characteristic impedance changes from 50 to 15
Ω, which gives a JPA bandwidth of more than 200 MHz
centered around 6.72 GHz. The fabrication procedure
can be found elsewhere [31]. The JPA can be switched
“ON” and “OFF” by turning on and off, respectively, an
appropriate pump tone that is about twice the signal fre-
quency. The signal transmission spectra with the JPA in
the states “ON” (red line) and “OFF” (blue line) are dis-
played in Fig. S4, where the 10 dips correspond to the 10
readout resonators. The amplification band of the JPA,
identified by the vertical difference between the red and
blue lines, is tunable with a DC bias applied to the JPA.
The readout pulse is 1 µs-long, with the input tones
and the power at each tone optimized for high-fidelity
readout. The j-th tone of the readout pulse, where j
is up to 10 in this experiment, populates Qj ’s readout
resonator Rj with an average photon number of n
r
j in 1
µs, which dispersively interacts withQj with the coupling
strength grj and shifts Qj ’s frequency downwards by an
amount of δωmj . Reversely, the qubit state affects the
state of its readout resonator, which is encoded in the I-
Q values at the tone j of the transmitted readout pulse.
At the end of 1 µs, photons in Qj’s readout resonator
leak into the circumferential transmission line at the rate
of κrj , and the readout resonator returns to the ground
state before the next sequence cycle starts.
Repeated readout signals amplified by the JPA are de-
modulated at room temperature, yielding the I-Q points
at each tone on the complex plane forming two blobs
to differentiate the states |0〉 and |1〉 of each qubit (see
Tab. S1 and in Fig. S2). The probabilities of correctly
reading out each qubit in |0〉 and |1〉 are listed in Tab. S1.
We note that the readout resonators of Q3 and Q4 are
very close in frequency, and so are those of Q6 and Q7.
We carefully choose the readout tones and powers to min-
imize the readout crosstalk if Q3 and Q4 are both being
measured, which has a slight side-effect that the read-
out visibility of Q3 drops a little bit compared with the
case when Q4 is not being measured (Fig. S4). Never-
theless, our readout choice for minimizing the crosstalk
is fully verified by preparing various product states of
Q3, Q4, and Q5 with high-fidelity single-qubit gates and
performing single- and two-qubit state tomography, with
the fidelities of all reconstructed density matrices being
around or above 0.99.
1.5. XX-type crosstalk coupling
Due to insufficient crossover bonding wires to tie
the ground segments on-chip, we experience unwanted
microwave crosstalk coupling between nearest-neighbor
qubits. The crosstalk coupling is calibrated by measur-
ing the qubit-qubit energy swap process around the in-
teraction frequency ωI .
To understand the crosstalk coupling, we measure in
detail the energy swap process of Q8 and Q9 as a func-
tion of the qubit detuning from the resonator ωB, with
the result shown in Fig. S5(a) (Q8 and Q9 are chosen
since they are the nearest-neighbor qubits with two high-
est sweetpoint frequencies ω08 and ω
0
9): We excite Q8 to
|1〉 and then detune both Q8 and Q9 simultaneously to
the same detuning ∆ from the resonator, with ∆ being
varied; by subsequently monitoring the |1〉-state popula-
tion of Q8, P1, as a function of the interaction time, we
obtain the energy-swap dynamics of the system at vari-
ous detunings. The qubit-qubit interaction strength can
be inferred from the oscillation period of P1.
We find that, in addition to the resonator mediated SE
coupling λ (see Eq. (2) of the main text) which changes
sign across ωB, a direct XX-type coupling with a mag-
nitude of ≈ 2pi × 2.1 MHz, named as λc8,9 for Q8-Q9,
must be taken into account to explain our experimen-
tal data. Figure S5(b) shows the Fourier transform of
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FIG. S2. Qubit characteristics. (a) Qubit energy decay measurement (red dots) with the corrected |1〉-state probability, P1,
as a function of the decay time, t. Black lines are fits according to P1,j ∝ exp (−t/T1,j) for Qj . (b) Qubit Ramsey interference
measurement (red dots), where the delay time t is between two pi/2 pulses. We fit the envelope of Qj ’s Ramsey fringe with
PEnv1,j − 0.5 ∝ exp
[
−t/2T1,j −
(
t/T ∗2,j
)2]
. (c) Qubit spin echo measurement (red dots), where an additional pi pulse is inserted
in the middle of the delay time t compared with the Ramsey sequence. We fit the envelope of Qj ’s interference fringe with
PEnv1,j − 0.5 ∝ exp
[
−t/2T1,j −
(
t/T SE2,j
)2]
. (d) RB characterizing the X/2 and X/2 + X/2 gates. Shown are the |0〉-state
probabilities averaged over k = 20 sequences for the reference (red), the X/2 gates interleaved with the reference (blue), and
the X/2 + X/2 gates interleaved with the reference (green) as functions of the m-Number of gates. Probability values drop
exponentially with m due to the randomized accumulation of gate-specific errors. Dots are experimental data and lines are fits.
(e) The normalized AC stark shift during the qubit-state measurement (see δωmj ’s value in Tab. S1). Two consecutive readout
pulses are used in this experiment following procedures described elsewhere [39]. Black lines are exponential fits giving the
photon leakage rates κrj . (f) The shifted and normalized I-Q data for single-shot qubit-state differentiation, where blue (red)
dots are measured I-Q values when qubit is prepared in |0〉 (|1〉). There are 3000 dots (repetitions) for each color (qubit state).
Q3’s I-Q data apply to the entangling experiments with N ≤ 9. (g) Qubit |0〉- and |1〉-state readout fidelities with error bars,
F0,j (blue) and F1,j (red), monitored over a 40-hour period. Q3’s readout fidelities apply to the entangling experiment with
N = 10 as Q4 is simultaneously measured (see below). We note that F1,j is usually very stable over a period of a few hours, but
could vary more than displayed due to random movements of two-level defects and fluctuations of other environmental factors,
all of which affect qubit parameters and degrade the gate fidelity for the |1〉-state generation. As such we have to constantly
monitor the system performance and repeat tune-up procedures if necessary.
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FIG. S3. Single-qubit RBs. (a) Pulse sequences for single-qubit RBs running on 8 qubits simultaneously. Top: One
representative reference gate sequence. Each sequence has up to m single-qubit Cliffords Cj (divided by vertical dashed lines)
and the idling gates, the latter of which are implemented to ensure that the j-th Cliffords on all qubits take the same time slot.
Single-qubit rotation gates (sinusoids) used to assemble Cj are color-coded on the right (the I gate is represented by a horizontal
red line). The final Cr gate returns each qubit to |0〉. At the end of the pulse sequence we measure all 8 qubits simultaneously
for 28 occupation probabilities, based on which we perform partial trace over other qubits’ indices for one piece of data on the
target qubit; we sum over all data of k = 20 random pulse sequences for an exponential fit. Bottom: One representative gate
sequence with the X/2 gates (bold magenta sinusoids) inserted. On average, each single-qubit Clifford Cj consists of 0.375
gates from X, Y , and I , 1.5 gates from ±X/2 and ±Y/2, and approximately 1 idling gate to ensure synchronization among
qubits. Pulse lengths of the X, Y , and I gates are 60 ns; lengths of the ±X/2 and ±Y/2 gates are 30 ns; length of the idling
gate for synchronization is 30 ns. In total the average duration of a single-qubit Clifford is about 98 ns. (b) Single-qubit RBs
for Q5 (k = 30), where we shorten the pulse length to 20 ns, set α = 0, and optimize the detuning to be −0.37 MHz. All
single-qubit gate fidelities are above 0.999.
the data in Fig. S5(a) along the y axis, based on which
the net qubit-qubit interaction as a function of ∆ can be
inferred, as shown in Fig. S5(d). Overall the experimen-
tal data agree well with the numerical simulation taking
into account the extra XX-type coupling λc (Figs. S5(c)
and (d)). The XX-type crosstalk couplings λcj,j′ between
other nearest-neighbor qubits (Qj and Qj′) are roughly
estimated as the differences between the measured qubit-
qubit coupling strengths and theoretical SE interaction
strengths, as given in Tab. S2.
1.6. Numerical simulation
The numerical simulation in Fig. S5(c) is based on
the Hamiltonian shown in Eq. (1) of the main text with
the additional nearest-neighbor crosstalk coupling term
TABLE S2. Nearest-neighbor XX-type crosstalk couplings.
Q1-Q2 Q2-Q3 Q3-Q4 Q4-Q5 Q5-Q6
λcj,j′/2pi (MHz) 1.7 2.6 2.3 2.2 0.2
Q6-Q7 Q7-Q8 Q8-Q9 Q9-Q10 Q10-Q1
λcj,j′/2pi (MHz) 2.2 2.3 2.1 2.1 0.06
∑
j,j′ λ
c
j,j′
(
σ−j σ
+
j′ + σ
+
j σ
−
j′
)
. The decoherence impact, if
considered, is included using the Lindblad master equa-
tion taking into account a Markovian environment to
avoid numerical complexity. Two characteristic decay
times, the energy relaxation time T1,j and the pure de-
phasing time Tϕ,j, are used for qubit j. However, the
non-Markovian 1/f character of the phase noise prevents
us from directly using the T ∗2,j values listed in Tab. S1.
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FIG. S4. Multiqubit readout. (a) Signal transmission spectra while all qubits are in |0〉. Shown are the amplitudes of the
demodulated signal as functions of signal frequency when the JPA is “ON” (red) and “OFF” (blue). All readout resonators,
labeled from R1 to R10, are visible as dips on the spectra (R3 and R4 are very close). The vertical difference between the red
and blue lines manifests the JPA’s capability of amplifying signals. (b) Detailed signal transmission spectra when Q3 and Q4
are prepared in one of the four computational states of |00〉 (blue), |01〉 (cyan), |10〉 (red), and |11〉 (green). It is possible to
differentiate both qubits’ state if the readout tones and powers are properly chosen as indicated by the vertical dash lines. (c)
Left panel: Demodulated I-Q data of Q4 when Q3 and Q4 are prepared in one of the four computational states (color-coded as
in b). Top-right panel: Distribution histogram along the x axis as defined by the dash line in the left panel. The vertical line
indicates the separatrix to differentiate |0〉 and |1〉. Bottom-right panel: Measurement visibility by integrating the histogram
data along the x axis. (d) Readout of Q3 when Q3 and Q4 are prepared in one of the four computational states (color-coded
as in b). The readout crosstalk is visible in the left panel of d. But the relative movement of Q3’s |0〉-state blobs depending
on Q4 in |0〉 (blue blob) and in |1〉 (cyan blob) are almost vertical to the x axis, and so are Q3’s |1〉-state blobs. Therefore
Q4’s effect on Q3 is negligible with our choice of the solid dividing line for state differentiation. The readout tone used for Q3
here is slightly different from that used when Q4 is not measured. With this choice Q3’s readout fidelity slightly decreases, but
we have verified that with the readout correction we can prepare various product states of Q3, Q4, and Q5 with high-fidelity
single-qubit gates, and perform one- and two-qubit state tomography, with the fidelities of all reconstructed density matrices
being around or above 0.99.
Meanwhile, T ∗2,js are measured when the qubits are de-
tuned and uncoupled, where each qubit frequency de-
pends on the flux in its own transmon loop. On the oppo-
site, during the resonant coupling as done in Fig. S5, the
two qubits of the pair form a new system with eigenen-
ergies that depend very weakly on each qubit flux. In
other words, the eigenenergies at an anticrossing are al-
ways flat and are much less sensitive to noise, and the two
hybridized levels form a kind of decoherence-free sub-
space [40]. Consequently, we use empirical Tϕ,j values
(≈ 10T ∗2,j) to capture the decoherence impact if neces-
sary, which ensures a good agreement between the nu-
merical results and the experimental data.
During the numerical optimization of the parame-
ters for generating GHZ states, effects of the XX-type
nearest-neighbor couplings as listed in Tab. S2 are inves-
tigated. It is found that the introduction of the crosstalk
couplings lowers the GHZ fidelities for N > 6 but actu-
ally raises the fidelity for N = 10 (Fig. S6).
2. GHZ ENTANGLEMENT GENERATION
2.1. Multiqubit GHZ phase calibration at ωI
For the multiqubit GHZ entanglement, it is critical
that the phase of each qubit’s XY drive is calibrated ac-
cording to the rotating frame at ωI , after taking into
account the extra dynamical phases accumulated dur-
ing the frequency adjustment of all qubits. Here we
follow the approach as done previously [16]: For sim-
plicity we consider the product state of two qubits as
1√
2
(|0〉+ |1〉) ⊗ 1√
2
(|0〉+ eiϕ|1〉), where the extra ϕ on
the second qubit is seen right after the two qubits are
placed on-resonance at ωI ; we intend to find a way to
adjust ϕ to be zero. With the interaction Hamiltonian as
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FIG. S5. Q8-Q9’s energy-swap dynamics showing the
qubit-qubit interaction including the contribution
from the neighboring XX-type crosstalk. After pump-
ing Q8 to |1〉, we detune Q8 and Q9 both to ∆ for a time
of delay. Q8 is measured afterwards. (a) Measured P1 as a
function of both ∆ (x axis) and delay (y axis). (b) Fourier
transform of the data in a along the y axis. (c) Numerical
simulation of the measurement in a taking into account the
XX-type crosstalk interaction. (d) Top: Pulse sequence for
the measurement in a. Bottom: Amplitude of the total in-
teraction (dots) as a function of ∆ obtained from the lower
branch in b. For comparison, the interaction from the Fourier
transform of the numerical data in c (solid line) and the the-
oretical SE strength λ (dashed line) are also illustrated. The
SE interaction changes sign across ∆ = 0, so that the net
qubit-qubit interaction amplitude is antisymmetric.
~λ(|01〉〈10|+ |10〉〈01|) (see Eq. (2) of the main text), the
amplitudes of |01〉 and |10〉 then oscillate in time, as de-
scribed (in the rotating frame) by the unitary transforma-
tion Uint =
[
1 0 0 0
0 cos(λt) −i sin(λt) 0
0 −i sin(λt) cos(λt) 0
0 0 0 1
]
. At t = pi/4|λ|, where
λ is negative, the two-qubit state evolves to |00〉/2+(eiϕ+
i)/(2
√
2)|01〉 + (ieiϕ + 1)/(2√2)|10〉 + eiφ|11〉/2, which
gives equal probabilities for the four two-qubit computa-
tional states with ϕ = 0.
Experimentally we choose Q3 as the reference and ad-
just the phase of the other qubit’s microwave; we perform
the check pairwisely, with the data after all phase cali-
brations shown in Fig. S7.
2.2. Pulse optimization
Experimentally we scan over each qubit’s detuning and
the overall interaction time to optimize the GHZ state
fidelity. Varying these parameters and checking the re-
FIG. S6. GHZ state fidelity by numerical simulation
versus the qubit number N with (red) and without (blue) in-
cluding the XX-type nearest-neighbor couplings as listed in
Tab. S2. The simulation does not consider decoherence, and
only covers the multiqubit dynamical process for entangle-
ment. The initial condition of the simulation is that each
qubit is at ωI (140 MHz below the resonator frequency) and
is in the state of (|0〉 − i|1〉)/√2. We check the multiqubit
density matrix by ignoring the resonator’s outcome right af-
ter the optimal interaction time. Other relevant parameters
needed for the simulation can be found in Tab S1. If consider-
ing decoherence based on the Lindblad master equation using
Tϕ,j ≈ 10T ∗2,j , the simulation gives a GHZ fidelity of ≈ 0.819
for N = 7 while the experimental result is 0.796 ± 0.021.
sulting GHZ density matrix is the most straightforward
way, but performing the multiqubit tomography is time
consuming when the qubit number becomes large. Alter-
natively we only repeatedly measure the reduced density
matrix on a selected number of qubits, according which
we optimize the pulse parameters.
For example, in order to optimize Q1’s detuning, we
perform the single-qubit tomography on Q1 while ignor-
ing outcomes of all other qubits, which, in the ideal case,
would yield the one-qubit density matrix as ρ1,ideal =
( 0.5 00 0.5 ). We compare the experimental matrix with
ρ1,ideal, and find the best detuning at the minimum of
the norm of the difference of the two matrices, as shown
in Fig. S8. Other qubits’ parameters are optimized in a
similar way.
3. 10-QUBIT TOMOGRAPHY
All directly measured qubit occupation probabilities
are corrected for elimination of the measurement errors
before any further processing [43]. With all the corrected
probability data we perform unconstrained linear inver-
sion to obtain an initial guess of the density matrix, which
might be unphysical, e.g., with small negative eigenval-
ues. Then we extract a Hermitian, unit trace, and pos-
itive semi-definite density matrix that is closest in dis-
tance to this initial guess [41]. We note that the state
fidelity of the inferred matrix with respect to the ideal
GHZ matrix typically drops by 0.03∼0.04 (in absolute
value) after it is validated.
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FIG. S7. Pairwise phase calibrations with Q3 as the
reference. After driving both qubits with the pi/2 mi-
crowave pulses, we tune them to ωI for an interaction time
of t = pi/4|λ|, where λ is the net qubit-qubit interaction at
ωI . Afterwards the two-qubit occupation probabilities are
measured. For the two pi/2 microwave pulses, we vary the
phase ϕ of the second qubit’s microwave for the data shown
in each panel with the qubit order as displayed. The occu-
pation probabilities, P00 (blue), P01 (red), P10 (green), and
P11 (cyan), as functions of ϕ are shown after the phases of all
qubits’ microwaves referenced to Q3’s are corrected.
FIG. S8. Optimizing Q1’s detuning in the 10-qubit
GHZ experiment. After preparing the GHZ state, we
only measure Q1’s density matrix ρ1,exp and compare it with
ρ1,ideal by calculating the norm of the difference of the two
matrices (circles). We find the best detuning value (x-axis)
by locating the minimum of the fitted curve (dashed line).
3.1. Effect of reduced sample size
The N -qubit tomography takes 3N tomographic opera-
tions, and for each operation 2N occupation probabilities
of the N -qubit computational states are measured. Once
a GHZ state is generated, a tomographic operation is
appended, following which the single-shot measurement
yields a binary outcome for each qubit and for N qubits
FIG. S9. Tomography with reduced sample size. Fideli-
ties of reconstructed density matrices as functions of sample
size for N = 6 to 9. The data points for different sample
sizes on the same line with a fixed N value are sampled from
one measurement done with a fixed sample size of 3000: A
queue of 3000 simultaneous binary outcomes of N qubits are
returned during the measurement, based on which we ran-
domly pick up the desired number (a specified sample size)
of outcomes from the queue and calculate the probabilities;
the probabilities are then used to infer the density matrix at
the specified sample size. During this experiment the state-
generation pulse sequences may not be tuned to the optimal.
simultaneously; running the whole pulse sequence, which
includes the state preparation, the tomographic opera-
tion, and the measurement, once is one sampling event.
Therefore a sufficiently large sample size, i.e., repeating
the same pulse sequence many times for many synchro-
nized binary outcomes of all N qubits, is necessary to
precisely count all 2N probabilities, which would signifi-
cantly slow down the measurement. For the multiqubit
tomography, we maintain a fixed sample size of 3000,
which is only about 3 times 2N whenN = 10; even in this
case the full tomography measurement takes about 40
hours if uninterrupted, and we have to constantly mon-
itor our measurement to ensure that the system perfor-
mance is reasonably stable (Fig. S2). We note that for
N = 10 a huge number (310) of operations are involved,
resulting in a set of over-constrained equations to solve
for the system’s density matrix, which may overcome the
shortage of an insufficient sample size.
Furthermore, we carry out a test by performing the N -
qubit tomography with a variable sample size for N = 6
to 9. The results show that, with the sample size around
3 × 2N , the reconstructed density matrix has a fidelity
very close to that with a sufficiently large sample size
(Fig. S9).
3.2. Reducing the computation complexity
Here we use the unitary matrix U j to describe the j-
th tomographic operation on the N -qubit system whose
density matrix is ρ, where both U j and ρ are of size 2N ×
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2N . The measured probability of the k-th computational
state after the tomographic operation is therefore
P jk = 〈k|U jρ
(
U j
)† |k〉 = 2
N∑
l,m=1
U jkl
(
U jkm
)∗
ρlm, (S2)
where k = 1 to 2N indexes the N -qubit computational
states. Vectorization of the matrix ρ by stacking its
columns into a single column vector ρ˜, we have P˜ j = U˜ j ρ˜,
where P˜ j is the vector format of {P j1 , P j2 , . . . , P jN} and
U˜ j is a 2N × 4N matrix replacing the summation terms
of U jkl and (U
j
km)
∗ in Eq. (S2). Stacking all tomographic
operation matrices U˜ j and all measured probabilities P˜ j
for j = 1 to 3N into U˜ and P˜ , respectively, we obtain the
linear equations of U˜ ρ˜ = P˜ , which is used to solve for ρ˜
given P˜ and U˜ .
U˜ is a column full rank matrix of size 6N×4N . WhenN
approaches 10, it becomes extremely difficult to fully load
U˜ into a computer’s memory and solve for ρ˜. Fortunately,
only a small fraction of U˜ ’s elements are non-zero, so
that we can use sparse matrix for storage and employ
the pseudo-inverse method. With U˜ † as the Hermitian
conjugate of U˜ , we have U˜ †U˜ ρ˜ = U˜ †P˜ , where U˜ †U˜ is a
symmetric and positive definite matrix of size 4N × 4N .
U˜ †U˜ is not only smaller in size, but also more sparse than
U˜ , which greatly reduce the complexity when solving the
equations.
Here we quote the time complexity to quantitatively
describe the advantage of using U˜ †U˜ . For a gen-
eral full rank matrix of size 4N × 4N , the time com-
plexity involved in computing the inverse operation is
O
((
4N
)3)
. For comparison, U˜ †U˜ has non-zero elements
only at the indices of
[
(k − 1)× 2N + k + l, 1 + l] and
[
1 + l, (k − 1)× 2N + k + l], where k = 1, 2, . . . , 2N
and l can be any non-negative integers for the indices to
be valid. The number of non-zero elements in each row of
U˜ †U˜ is less than 2N , and thus the number of column el-
ementary operations needed for each row is less than 2N
during matrix inversion; the total number of operations
for the 4N rows is less than 2N × 2N × 4N . We conclude
that the time complexity of solving the inverse matrix of
U˜ †U˜ is O
((
4N
)2)
.
3.3. 10-qubit ρ in the |0〉 and |1〉 basis
The GHZ density matrix shown in Fig. 3 of the main
text has four major elements in the |±〉 basis, while
our measurement is in the |0〉 and |1〉 basis. Here we
show the partial matrix elements for the 10-qubit GHZ
density matrix in the |0〉 and |1〉 basis. It is seen that
all matrix elements of ρ are no higher than 0.003 in
amplitude (Fig. S10).
∗ C. S. and K. X. contributed equally to this work.
† t96034@fzu.edu.cn
‡ xbzhu16@ustc.edu.cn
§ hhwang@zju.edu.cn
[S1] Later on a separate experiment measuring the heating
rate of each qubit indicates that the equilibrium |1〉-state
populations range from 0.2% to 2% among the 10 qubits
on the same chip. The investigation is in progress and the
detailed results will be presented elsewhere.
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FIG. S10. 10-qubit tomography. Partial matrix elements for the 10-qubit GHZ ρ in the |0〉 and |1〉 basis.
